High-resolution imaging of the living human fovea: measurement of the intercenter cone distance by speckle interferometry by Artal, Pablo & Navarro, Rafael
1098 OPTICS LETTERS / Vol. 14, No. 20 / October 15, 1989
High-resolution imaging of the living human fovea:
measurement of the intercenter cone distance by speckle
interferometry
Pablo Artal* and Rafael Navarro
Instituto de Optica, Consejo Superior de Investigaciones Cientfficas, Serrano 121, 28006 Madrid, Spain
Received May 18, 1989; accepted July 18, 1989
A high-resolution method that allows direct measurements of the intercenter cone distance in the living human
fovea is proposed. The experimental technique is similar to that used in stellar speckle interferometry. It is based
on the recording and posterior processing of coherent short-exposure images of a small area of the central fovea. By
using this optical-digital procedure, we have obtained what are to our knowledge the first objective measurements
in vivo of the cone spacing in the human fovea. The reconstruction of the whole spatial information of the cone
mosaic would also be possible by further improvements
reconstruction algorithms.
The sampling of the retinal images by the photorecep-
tor mosaic plays an important role in the spatial infor-
mation processing performed by the human visual sys-
tem. After the low-pass filtering carried out by the
optics of the eye, the imaging properties of the mosaic
depend directly on the spatial distribution of photore-
ceptors. However, actual topographic data from the
cone mosaic of the living eye, by objective methods,
are not yet available. Traditional measurements of
the structural parameters of the photoreceptor mosaic
in the human fovea and the periphery were obtained
by means of histological studies. 1-3 Histological mea-
surements could differ from measurements made in
the living human eye owing to tissue distortions during
processing, because of the fragility of the photorecep-
tor mosaic. Williams has proposed an indirect psy-
chophysical method that allows for the estimation of
the cone spacing and the packing geometry in the
living human retina.46 However, to our knowledge,
objective physical measurements on the distribution
of cones in the living human fovea have not yet been
reported. Such results would clarify important ques-
tions, mainly those related to the actual intercenter
cone distance and the regularity of the mosaic in the
fovea. These are important structural data for evalu-
ating the physical limits of visual resolution and the
possible aliasing artifacts that could occur in the sam-
pling of retinal images.
Direct observations of the cone mosaic have been
carried out in lower vertebrates,7 but the application
of that method of the living human eye presents many
problems. The main reason is that the optical image
quality of the eye- 10 is not good enough to resolve the
close separation between cones. Therefore, resolving
the human cone mosaic through the optical system of
the eye is similar to a high-resolution imaging problem
in astronomy. Here we present an objective method
to measure directly the spatial distribution of the fove-
al cone mosaic of the human eye in vivo. The method
is based on stellar speckle interferometryll,1 2 similar
of the technique by subsequent application of image-
to that used in astronomy to resolve binary stars
through atmospheric turbulence. We obtain short-
exposure speckle images of a small area of the fovea.
Then, after selecting the best specklegrams, we com-
pute the averaged power spectrum, which contains
spatial frequency information as far as the diffraction
limit of the eye.
In our case, for a normal eye with a 7-mm pupil
diameter and incident light with a wavelength of 632
nm, the minimum separable size on the retina by dif-
fraction will be approximately 1.8 ,gm. On the other
hand, according to histological studies, the center-to-
center spacing between cones in the central fovea is
thought to range from 2.1 gm (Ref. 3) to 2.8 gum.1
Under these conditions, in principle, we will be able to
resolve foveal cone details by using this high-resolu-
tion technique.
The procedure involves recording a large number of
short-exposure images of the central fovea formed
with coherent light using the experimental setup
shown in Fig. 1. A He-Ne laser beam is expanded by
lens L1 and filtered by a 400-,gm pinhole (D) that acts
simultaneously as the object and fixation test. The
beam collimated by lens L2 enters the eye after reflec-
tion in a pellicle beam splitter (BS) and forms an
image of approximately 55-gm diameter on the central
foveal mosaic (M). The light reflected from the retina
contains information on the spatial distribution of the
cone array. It leaves the eye, and after the light is
transmitted through the BS and a polarizer (P), lens
L3 forms the aerial foveal image on high-sensitivity
photographic film (Kodak Recording 1000 ASA). Af-
ter development, the aerial foveal images are digitized
by using a microdensitometer and stored in a comput-
er. Two examples of typical short-term exposure aeri-
al foveal images are shown in Fig. 2. The exposure
time for each image was 4 msec. The corneal irradi-
ance was of the order of 0.3 mW/cm2, which is more
than 1 order below U.S. security standards.
Since the whole imaging process is carried out in
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gim) obtained from histological studies.1-3 We have
obtained local mean cone spacing for three different
normal young subjects. Variations of these results
were always lower than the standard deviation of the
experimental error. This numerical result can be di-
rectly applied to more precise evaluations of the physi-
cal limits of visual resolution and to aliasing caused by
foveal undersampling. By a method of analysis simi-
lar to that used in Ref. 16, we would be able to study
the problem of foveal aliasing using our objective data
of both the image quality of the eye and cone spacing.
Another important point concerns the regularity of
the foveal cone mosaic.13 To obtain actual high-reso-
lution imaging of the fundus (cone mosaic topogra-
Li
Fig. 1. Experimental setup for the recording of the short-
term-exposure foveal images. DF, density filter; LT, light
trap; C, camera; MD, digital microdensitometer; COM, com-
puter.
coherent light, the short-exposure aerial images of the
central part of the fovea [ik(x", y")] can be expressed
by
(1)
where 0 denotes convolution, r(x', y') is the complex
reflection factor of the cone mosaic, and ak(x', y') is the
amplitude spread function of the human eye.8 After
the aerial images have been digitized, the power spec-
trum of each instantaneous image is computed. Since
the signal-to-noise ratio is low for a single power spec-
trum, we have averaged many individual power spec-
tra, as expressed by
N
(1112) = 1 E IFT[ik(x", y,)1 2
k=1
(2)
where FT denotes a Fourier transformation.
A plot of the power spectrum corresponding to the
instantaneous image of Fig. 2(a) is presented in Fig. 3.
Figure 4 shows the average of 10 two-dimensional
power spectra from a normal subject. The mean
center-to-center cone distance in the human fovea is
directly obtained from the result presented in Fig. 4.
The value 1/s in the spatial frequency domain is corre-
lated to the local average spacing between rows of
cones in the foveola. The ring that appears in this
experimental result has the same shape as those ob-
tained by computer simulation and optical transform,
using digitized patterns corresponding to excised fo-
veas.13'14 The cone spacing in the foveola for the same
normal subject as above was 0.51' + 0.02' of arc. This
corresponds to 2.45 + 0.1 gim on the retina using as a
conversion factor the focal length of a schematic eye.15
This result is in the middle of a wide range of data (2-3
(b)
Fig. 2. Typical examples of short-exposure (4-msec) coher-
ent images from the foveal cone mosaic.
Fig. 3. Two-dimensional power spectrum of the instanta-
neous image shown in Fig. 2(a).
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Fig. 4. Average of two-dimensional power spectrum of 10
instantaneous images of the central fovea. 1/s is the spatial
frequency value corresponding to the mean interdistance
between rows of cones.
phy), using the stellar speckle interferometry method
presented here, would require the use of algorithms to
recover the lost phase information. This is because
high resolution is obtained by averaging individual
power spectra, with the accompanying loss of phase
information and then the ability to reconstruct the
image itself. Unfortunately, since the performance of
phase-retrieval algorithms on noisy data is poor, fur-
ther research and higher signal-to-noise ratios will be
necessary to obtain high-resolution images of the hu-
man retina. Despite this, from the analysis of instan-
taneous foveal images (Fig. 2) and their two-dimen-
sional power spectra (Fig. 3) we can point out, in a
preliminary way, that the distribution of cones at the
central fovea is locally a regular triangular array.
This is good agreement with previous detailed studies
of the primate cone mosaic.'7 The outer ring that
appears in Fig. 4 is due to the average of individual
power spectra with approximately regular hexagonal
structures but in different orientations. The imaged
area of the fovea was slightly different for each instan-
taneous foveal image, and the relative orientation of
the mosaic at different areas is also probably different.
In conclusion, we have presented an optical-digital
method that is based on stellar speckle interferometry
to obtain diffraction-limited information on the foveal
cone mosaic in vivo for individual human eyes. The
intercenter cone distance has been determined for the
first time, to our knowledge, in a completely objective
way. These data are useful for evaluating the physical
limits of spatial resolution and aliasing artifacts in the
sampling of retinal images. Further research to im-
prove this methodology could help to achieve a better
understanding of the actual spatial photoreceptor or-
ganization.
The authors thank Ana Plaza and Consuelo Gonzalo
for their collaboration during the development of this
research. This research was supported by the Comis-
ion Interministerial de Ciencia y Tecnologia, Spain.
* Present address, Institut d'Optique, Universit6 de
Paris-Sud, Batiment 503, B.P. 147, 91403 Orsay
C6dex, France.
References
1. G. Osterberg, Acta Ophthalmol. Suppl. 6, 1 (1935).
2. C. A. Curcio, K. R. Sloan, O. Parker, A. E. Hendrickson,
and R. E. Kalina, Science 236, 579 (1987).
3. B. O'Brien, J. Opt. Soc. Am. 41, 882 (1951).
4. D. R. Williams, Vision Res. 28, 433 (1988).
5. D. R. Williams, Vision Res. 35, 195 (1985).
6. D. R. Williams, J. Opt. Soc. Am. A 2,1087 (1985).
7. M. F. Land and A. W. Snyder, Vision Res. 25, 1513
(1985).
8. J. Santamaria, P. Artal, and J. Besc6s, J. Opt. Soc. Am. A
4, 1109 (1987).
9. P. Artal, J. Santamaria, and J. Besc6s, J. Opt. Soc. Am. A
5, 1201 (1988).
10. P. Artal, J. Santamaria, and J. Besc6s, Opt. Eng. 28, 687
(1989).
11. J. C. Dainty, ed., Laser Speckle and Related Phenome-
na (Springer-Verlag, Berlin, 1984).
12. J. W. Goodman, Statistical Optics (Wiley, New York,
1985).
13. Y. I. Yellott, Jr., Vision Res. 22, 1205 (1982).
14. N. J. Colleta and D. R. Williams, J. Opt. Soc. Am. A 4,
1503 (1987).
15. R. Navarro, J. Santamaria, and R. Besc6s, J. Opt. Soc.
Am. A 2, 1273 (1985).
16. P. Artal, "Generation of foveal retinal images: contri-
bution of image quality of the eye and sampling in the
photoreceptors," submitted to J. Opt. Soc. Am. A.
17. J. Hirsch and P. Hylton, Vision Res. 24, 347 (1984).
